Abstract. The ground-state bleaching of highly concentrated rhodamine 6G solutions in methanol is studied with intense picosecond light pulses. The ground-state recovery time changes with concentration from about 3.9 ns at low concentration (10~5 mol/dm 3 ) to about 1 ps at high concentration (0.6 mol/dm 3 ). The shortening of the absorption recovery time is determined by the concentration dependent quenching of the S 1 -state population due to unbound dimers and by the intensity dependent longitudinal and transverse amplified spontaneous emission. 42.65, 42.70, 42.20 The bleaching of absorbing media by intense light pulses is a general phenomenon. The only requirement for reduction of absorption with increasing light signal is that the ground-state absorption cross-section is larger than the excited-state absorption cross-section [1] [2] [3] [4] [5] . For laser pulse durations At L short compared to the absorption recovery time z A the bleaching behavior is determined by the input pulse energy density e [6] . At a pulse energy density s s = hv L /<j L the ground-state population is reduced to approximately half its initial value (exact value depends on absorption dynamics [6]). s s is called the saturation energy density, v L is the laser frequency and o L is the ground-state absorption cross-section. For laser pulse durations long compared to the absorption recovery time the light transmission is intensity dependent. At a pulse intensity of h = hv L /(T L T A , the saturation intensity, the groundstate population is reduced to approximately half its initial value [1] [2] [3] [4] [5] [6] . The application of saturable absorbers as modelocking dyes requires absorption recovery times short compared to the resonator round-trip time. In passively mode-locked Nd lasers and ruby lasers (small stimulated emission cross-section, no gain dependent pulse shortening) absorption recovery times of some picoseconds are necessary for picosecond pulse generation [7] . Shortening of picosecond pulses to the subpicosecond region may be achieved by passing picosecond pulses through saturable absorbers of some picosecond absorption recovery time [8] [9] [10] . The radiative S t -S 0 lifetime of dyes is generally between 1 and 10 ns. Picosecond absorption recovery times are due to fast radiationless S x -S 0 relaxation by internal conversion. At low concentrations fast internal conversion is found for molecules with flexible structure in low viscous solutions [11] [12] [13] [14] . For infrared dyes the internal conversion is fast because of the small S 0 -S l energy gap [15] [16] [17] . At high concentrations the Si -So lifetime is shortened by selfquenching [11, 12, [18] [19] [20] [21] . Molecular aggregates (dimers, trimers, etc. and molecules in near distance) with fast internal conversion rate are formed. Molecular diffusion and Förster-type energy transfer transport the excitation to the quenching centers and a fast absorption recovery occurs [11, 12, 22] . In this paper the concentration dependent absorption recovery time of rhodamine 6G in methanol is studied. Bleaching experiments are carried out at concentrations of 10" 5 ,KT 4 ,10" 3 ,10" 2 ,0.04,0.1,0.2,0.4, and 0.6 mol/dm 3 with single picosecond second-harmonic
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Experimental Arrangement
The bleaching of concentrated solutions of rhodamine 6G in methanol at room temperature is studied with the experimental setup depicted in Fig. 1 . Single picosecond light pulses are selected from a passively modelocked Nd-phosphate glass laser. The pulses are amplified and the second harmonic is generated in a KDP crystal (pulse duration At L~4 ps FWHM). The intensity of the pulses at the sample is varied with filters and a lens [beam diameter at sample d 0 -(0.8 ±0.2) mm (FWHM)]. At low concentrations the dye is kept in conventional glass cuvettes (/ = 2cm for C= 10" 5 mol/dm 3 , / = 2mm for C= 10" 4 mol/dm 3 ). For high concentrations (C^ 10" 3 mol/dm 3 ) the dye solution is contained in a thin cell of adjustable thickness [22] . Thicknesses between 0 and 200 \xm are achieved by screw adjustment without spacers. Above 200 |im thickness spacers may be inserted into the cell. The energy transmission through the dye cell is measured with photodetectors PD1 and and PD3. The input peak pulse intensity is determined by twophoton transmission measurements through a rutile crystal with photodetectors PD1 and PD2 [23] . For the 0.4 molar rhodamine 6G solution the temporal behavior of the absorption recovery was studied by measuring the energy transmission of a weak probe pulse versus delay time in a pump and probe arrange- ment. For the 0.04 molar rhodamine 6G solution the transverse amplified spontaneous emission was detected by replacing the variable thin cell by a standard glass cuvette and measuring the perpendicular fluorescence emission with a photodetector.
Results
Bleaching experiments were carried out for dye concentrations between 10" 5 and 0.6 mol/dm 3 . In Figs. 2 and 3 obtained energy transmission data points are plotted. The depicted curves are calculated by applying the rate equation system of [6] to the level system shown in Fig. 4 7 cm" 2 (see also [25] ). The actual value of T A cannot be determined since for r A $>At L the energy transmission is only energy dependent (same bleaching curve for all T A^> At L ). A pump and probe experiment would be necessary to resolve the absorption recovery time for z A >At L . For C = 0.01 mol/dm 3 the experimental points (full triangles) do not fit to a single energy transmission curve. The absorption recovery time T A shortens with increasing pump pulse intensity. This shortening of the absorption recovery time will be explained below by transverse amplified The rise of transmission (probe pulse before the pump pulse) and the decrease of transmission (probe pulse behind the pump pulse) have the same shape. From this time behavior an upper limit of z A < 4 ps could be estimated. In Fig. 6 the obtained absorption recovery times x A are compared with the fluorescence lifetimes T F measured under low excitation intensity conditions. The fluorescence lifetimes were determined by streak camera (open triangles) and fluorescence quantum efficiency (closed triangles) measurements [22] . The x F points and the T F curve are taken from [22] . The steep decay of the fluorescence lifetime above 10" 2 mol/dm 3 is explained in [22] to be due to unbound dimer formation. The dimers have a very short Si-state lifetime (^1 ps) and excited monomers transfer their energy to the dimers. For C = 10" 3 mol/dm 3 only lower limits of x A could be determined from the energy transmission measurements ($). In the region between C = 10~2 and 0.1 mol/dm 3 the absorption recovery times are intensity dependent. The depicted points (o) belong to I 0L^3 x 10 9 W/cm 2 . The absorption recovery time at 0.01 mol/dm 3 is three and a half orders of magnitude shorter than the fluorescence lifetime. For the concentrations 0.2 and 0.6 mol/dm 3 the absorption recovery times T A and the fluorescence lifetimes T F are the same within the experimental accuracy. The observed intensity dependent deviation of the absorption recovery time from the fluorescence lifetime which was measured under low intensity conditions is explained in the following by including longitudinal and transverse amplified spontaneous emission in the theoretical description.
Effects of Amplified Spontaneous Emission
In the nonlinear transmission measurements the S x state of the molecules is strongly populated at high pump intensities. For the Stokes shifted fluorescence emission the system is inverted and the spontaneous emission is amplified by stimulated emission [26] . Fluorescence emission occurs in all directions and the amplification acts in all directions. The amplification of spontaneous emission dominates in directions of longest interaction length. At low concentrations long samples have to be used to achieve a fixed small signal transmission T 0 . For example, at 10" 5 mol/dm 3 and T 0 = 0.01 then length is / = 2cm for rhodamine 6G in methanol at /l L = 526.5 nm. Under these conditions the laser beam diameter d 0 (FWHM) is small compared to the longitudinal interaction length l IJo , which is given by the shorter of either sample length / or the penetration depth J eff (reduction of input light to 1/e value) [/ Ij0 = min(/,/ eff )]. The amplified spontaneous emis- n: refractive index, c 0 : vacuum light velocity) forward and backward amplified spontaneous emission are of the same strength. For picosecond pulse excitation and strong amplified spontaneous emission (i.e., drastic S x -state lifetime shortening by amplified spontaneous emission) in long cells, the duration of the fluorescence signal becomes short compared to the propagation time t pM and backward amplified spontaneous becomes small compared to forward amplified spontaneous emission [27] . In the following estimates backward amplified spontaneous emission is only included for short sample lengths (AQ ll >2n). With increasing dye concentration the sample length reduces. As soon as the beam diameter d 0 becomes larger than the longitudinal interaction length, the amplified spontaneous emission dominates in a rotational symmetric section transverse to the pump pulse propagation direction. One speaks of transverse amplified spontaneous emission. The solid angle AQ L of the transverse amplified spontaneous emission is determined approximately by a cylinder surface of length lj l 0 and radius l Itr , that is AQ^lnl^J^lnljJl^.
The maximum transverse interaction length l Ittr is approximately given by the beam diameter d 0 . If the process of amplified spontaneous emission reduces the A theoretical analysis of the longitudinal forward amplified spontaneous emission is given in [27] .
Extension of the theory of pump pulse propagation under conditions of longitudinal and transverse amplified spontaneous emission leads to a very time consuming computer program. Here were restrict to estimate the absorption recovery time under conditions of longitudinal and transverse amplified spontaneous emission (shortening of S x -state lifetime) from a crude analytical analysis [27, 28] . The depopulation of the S 1 state (level 3 of Fig. 4) The propagation of the fluorescence signal is given by
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The transformations t' = t -(n/c)z and z' = z are used. T RAD is the radiative lifetime (T F = q F T rad , q F : fluorescence quantum efficiency, T RAD = 4.3 ns for rhodamine 6G in methanol [20] ). In (3 and 4) the filling of level 6 by amplified spontaneous emission is neglected (N 6 «N 3 ,T"-0).
Integration of (3 and 4) leads to
In (6) t 0 < t< t' and 0 < z < z'. Rewriting (5) 
to N 3 (t\ z') = N(t 0 , z") x exp [ -(f-t 0 )/T 3 (t\ zO] determines the S J-state lifetime to
where t 0 <t<t'. Insertion of (6) into (7) results in
1 + o em AQz F with t 0 Si<i and 0<z<z'. We want to know the momentary decay time of the S x -state towards the end of the pump pulse (t'-t 0 ) and at the end of the interaction length of amplified spontaneous emission {z f = lj) and define T 3 = T 3 (t 0 J I ). Approximate values for t and z are t~t 0 and z~/ 7 /2. Using the relations iV 3 (t 0 ,/i/2) = iV 0 -iV 1 (to,/ / /2), T 0 = exp(-<7 L iV 0 /) and T-exp[-(7 L iV 1 (ro, /j/2)/-a ex , F JV 3 (r 0 , ljß)T\ leads after some rearrangement to (9) 1 N 0 is the total number density of dye molecules. AT ^o, lj/2) is the average population density of the S 0 state towards the end of the pump pulse. T is the pump light transmission at input peak intensity I 0L and T 0 is the small signal pump light transmission. Equation (9) applies to longitudinal and transverse amplified spontaneous emission. In the longitudinal case it is AQ = AQ\\, (1) , and // = //,/<> while for the transverse case it is AQ = AQ ± , (2) , and // = //,,,.. [25] . The fluorescence lifetime r F is included in Fig. 6 (Trad-4.3 ns). Figure 8 illustrates the longitudinal amplified spontaneous emission. The bleached transmission is set to T=0.5exp[-(j eXfF iV3(to,/j/2)q.
In Fig. 8a (Fig. 9) gives a possibility to change the absorption recovery time by changing the beam diameter (focusing). The intensity dependence of the absorption recovery time is illustrated in Fig. 10 The transverse amplified spontaneous emission was studied experimentally for the 0.04 molar rhodamine 6G solution. The dye was contained in a glass cell and the sideward fluorescence was imaged to a photodetector. Strong emission occured transverse to the direction of pump pulse propagation within an opening angle of about 3 degree. The total light emission within this angle summed up over the circumfirence of emission was estimated to be about 50% of the input pump light.
Conclusions
The absorption recovery time of rhodamine 6G in methanol may be varied between about 3.9 ns at low concentration to about 1 ps at high concentration. The change of absorption recovery time along concentration is due to intensity independent S t -state lifetime quenching by dimer formation and due to intensity dependent S x -state lifetime shortening by longitudinal and transverse amplified spontaneous emission. The small signal transmission may be adjusted to any needed value by use of a thin cell of variable thickness. The dye rhodamine 6G in methanol with variable absorption recovery time may be applied as saturable absorber in mode-locked dye lasers or for pulse shortening of second harmonic light pulses of modelocked Nd-glass and Nd-Yag lasers. The concentration quenching of the S x -state lifetime is a general phenomenon [11, 12] and it should be possible for many dyes to tailor the absorption recovery time to the experimental needs. The use of highly concentrated dyes in thin cells of variable thickness as saturable absorbers may be very interesting in situations where saturable absorbers with fast monomeric absorption recovery time are not available. In recently reported experiments the occurance of strong transverse amplified spontaneous emission was applied to picosecond-pulse generation [30] [31] [32] [33] .
